Single-molecule fluorescence is a powerful technique to gain molecular-level insight into biological processes. Single-molecule studies directly reveal molecular properties and their underlying statistics, instead of ensemble observables that obscure underlying distributions and nonsynchronized processes.^[@ref1],[@ref2]^ Binding kinetics, for example, can be visualized using fluorescently labeled ligands such as DNA or proteins that dynamically bind and unbind to target molecules.^[@ref3],[@ref4]^ Single-enzyme kinetics have also been revealed by means of fluorogenic substrates, in which single catalytic turnover events can be recorded.^[@ref5],[@ref6]^ Conformational dynamics have been probed based on fluorescence quenching, fluorescence anisotropy and lifetime,^[@ref7]^ and Föster resonance energy transfer (FRET), allowing the fundamental investigation of structure--function relationships.^[@ref8]−[@ref10]^ Indeed, single-molecule sensitivity impacts applications and has enabled crucial advances in medical diagnostics and biosensing, wherein, for example, continuous monitoring of biomolecules and single-molecule sequencing have been demonstrated.^[@ref11]−[@ref14]^

The brightness, or detected photon count rate (PCR), of single fluorophores is essential in many applications but strongly depends on the electronic properties and associated excitation and decay channels of the fluorophore. It is ideal in the detection of biological process to use fluorescent dyes with high PCR and chemical stability to allow highly sensitive single-molecule measurements. However, the PCR of single organic dyes is limited to 10^6^--10^7^ photons per second, of which typically only 1% reaches the detector because of limited collection efficiency.^[@ref15]−[@ref17]^ The maximum PCR is intrinsically limited by saturation, which is the result of the finite decay rate of the fluorophore from the excited state and the presence of long-lived triplet excited states. This limits the maximum excitation rate that can be achieved because one has to "wait" for decay back to the ground state. The limited brightness of single molecules limits the signal-to-noise ratio particularly at short integration times and has prohibited real-time single-molecule studies at submillisecond time scales.

Plasmon resonances have appeared as a promising method to boost the fluorescence intensity of single emitters.^[@ref18]^ Since Drexhage first demonstrated that the spontaneous emission rate of fluorescent molecules could be accelerated by coupling to the photonic modes of nearby metal surfaces, much effort has been spent to study the interactions of plasmonic nanostructures and fluorophores.^[@ref19]^ Metal nanoparticles stand out with excellent optical properties and have been used to enhance single-molecule fluorescence.^[@ref20],[@ref21]^ The origin of these fluorescence enhancements is the strong modification of the excitation and decay rates of a molecular dipole close to a particle. The excitation rate is locally increased because of the enhanced electromagnetic field in the vicinity of the particle surface, while the radiative and nonradiative decay rates are strongly modified because of the coupling of the molecular dipole moment to the plasmon modes of the particle. Both excitation and decay-rate modification are strongly dependent on the optical properties of the nanoparticle and the fluorophore.

Most research has focused on the quantification of enhancement factors, which indicate by what factor the total detected fluorescence intensity is enhanced when a fluorophore is brought in proximity to a metal particle.^[@ref22]−[@ref24]^ These studies have shown that the fluorescence of single weakly emitting molecules can be enhanced by thousands of times.^[@ref25]−[@ref27]^ High enhancement factors at low excitation power have mostly been applied to perform single-molecule spectroscopy at high concentrations.^[@ref28]−[@ref31]^ However, a different class of applications involves real-time single-molecule fluorescence measurements of biomolecular dynamics, for which not the fluorescence enhancement but rather the absolute PCR matters. To achieve the highest PCR it is necessary to pump molecules close to or even above fluorescence saturation.^[@ref32],[@ref33]^ However, little is known about the effect of plasmon--molecule coupling on the saturation dynamics of single dyes, and design rules to achieve maximum absolute photon count rates are not known.

Here we present a single-molecule study of plasmon-enhanced fluorescence of a dye with a high intrinsic quantum yield that is pumped close to saturation. A particular concern is preventing artifacts due to photobleaching, for which we adopt an approach based on low-affinity DNA interactions resulting in controlled residence times of the fluorophore near the particle, continuous refreshment of the dye by rebinding, and a well-controlled spacing between particle and fluorophore. We measure the PCR as a function of excitation power, from which we derive the PCR~max~ and saturation intensity (*I*~sat~). The PCR is strongly modified because of plasmon-fluorophore coupling, while we find thatthe PCR~max~ is enhanced by more than 2 orders of magnitude at ∼1.5 nm from the particle surface. The experimental findings are in good agreement with numerical simulations that include saturation. These experiments provide mechanistic insight and design rules to optimize the absolute photon output of single emitters. This will open the door to studying microsecond dynamics in real time, e.g., DNA hairpin dynamics and transition paths in protein folding.^[@ref34]−[@ref37]^

To explain the origin of fluorescence saturation we employ a simplified model that represents the dye as a three-level system as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, in which the ground state S~0~, the first excited singlet state S~1~ and the triplet state T~1~ are shown. Upon illumination, the molecule is excited from S~0~ to S~1~ with a certain excitation rate , where σ~abs~ is the absorption cross section of the molecule \[m^2^\] and *I*~exc~ is the illumination power density \[W m^--2^\]. The molecule relaxes from S~1~ to S~0~ emitting photons with a radiative decay rate γ~r~ or nonradiatively with a nonradiative decay rate γ~nr~. The molecule may transition from S~1~ to T~1~ with an intersystem-crossing rate of γ~isc~ and decays from T~1~ to ground state S~0~ with a triplet decay rate γ~T~. The total decay rate γ~tot~ = γ~r~ + γ~nr~ + γ~isc~ is related to the fluorescence lifetime, while the quantum yield dictates the fraction of excitations that result in photon emission. The PCR of a fluorescent molecule is then given bywhere η~col~ is the collection efficiency of the setup as a whole, and the saturation intensity is written as^[@ref38]^[Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} indicates the nonlinear dependence of PCR at excitation rates around and above *I*~sat~, whereas [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} indicates that *I*~sat~ is dictated by the total decay rate and the triplet dynamics of the molecule. As conceptually shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, with increasing excitation power density, the PCR of both free-space and plasmon-enhanced single molecules lose linearity and approach a plateau PCR~max~ that is expressed as because . In the presence of a nanoparticle, both the emission and excitation rates in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} are strongly modified. First, the excitation rate in the vicinity of a single nanoparticle is strongly enhanced because of the concentrated electromagnetic field induced by the plasmon resonance. Second, both γ~r~ and γ~nr~ are strongly increased because of coupling with plasmon modes in the nanoparticle. We first assume that triplet dynamics is not affected by plasmon coupling, but we will return to this point later.

![Photophysics of a single emitter modified by a plasmonic nanoantenna. (a) A three-level Jablonski diagram for a single fluorescent molecule. (b) Cartoon of saturation curves of an emitter in free space (blue) and in the vicinity of a plasmonic nanoantenna. Both the saturation intensity (*I*~sat~) and the maximum photon count rate (PCR~max~) are modified. Note here that this figure is for illustrative purposes and is not a simulation result.](jz0c00155_0001){#fig1}

The net effect of these rate modifications is a modification of the saturation dynamics as illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, showing that the PCR is enhanced at all power densities because of the local field enhancement. Notably, also PCR~max~ is significantly enhanced because of a modified *I*~sat~. The plasmonic modification of the photophysics strongly depends on the optical properties of both the nanoparticle and the fluorophore, and also their relative position and orientation. The effect of nanostructures on fluorescence saturation was first experimentally investigated by Ebbesen et al. to show that nanoapertures enhance the PCR of diffusing dyes on an ensemble-averaged level.^[@ref39]^ More recently van Hulst et al. reported that an up to 100-fold decrease in excitation power was required to reach *I*~sat~ for single light-harvesting complexes coupled to single gold nanoparticles because of near-field enhancement. They also observed a 50-fold enhancement of PCR~max~ due to modification of the emitter's decay rates.^[@ref40]^

We numerically evaluate the modifications of the radiative and nonradiative rates using the boundary element method (BEM),^[@ref41]^ and by combining the numerical simulation results with the three-level photophysical model as in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} we calculate the modification of the saturation dynamics for particles of various dimensions. Near saturation the PCR~max~ is proportional to the radiative rate enhancement, namelywhere the superscript "0" indicates free-space values. [Equation [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} indicates that the PCR~max~ enhancement follows the position and wavelength dependence of the γ~r~ enhancement, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. (Numerical simulation results for comparison can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf).) In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b we show the PCR~max~ modification normalized to free-space as a function of SPR wavelength. We find indeed that the maximum PCR~max~ enhancement up to ∼150 when the SPR wavelength of the particle coincides with the fluorophore's emission wavelength, whereas the enhancement is a factor of 3× lower when the SPR is resonant with the excitation wavelength. This is fundamentally different in the low-excitation regime where most other studies have been performed, where the enhancement is dominated by the excitation process. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c we show the modification of *I*~sat~ normalized to its free-space values. A maximum *I*~sat~ increase of ∼400 is found for a plasmon that is resonant with λ~em~ because of the strong wavelength dependence of the decay rates that again exhibit a maximum at λ~em~ as in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. This implies that substantially higher excitation power densities are needed to reach the saturation regime for a plasmon-coupled fluorophore, but this is alleviated by the strong near-field enhancement that results in dye saturation at acceptable laser powers.

![Numerical calculations of photophysical modifications in the vicinity of a single gold nanorod with a size of 63 nm × 25 nm. (a) PCR~max~ modifications normalized to that of a free space emitter PCR~max~^0^, calculated with orientation-averaged radiative and total decay rate modifications as a function of fluorophore position. Fluorophores are assumed to be single-wavelength dipole emitters with a quantum yield of unity at 664 nm (resonant with the particle plasmon). (b) PCR~max~ modification normalized by the value of a free space fluorophore PCR~max~^0^. λ~exc~ = 637 nm and λ~em~ = 664 nm indicate the excitation and emission wavelengths. The SPR wavelength of the particles was tuned by changing their length while keeping their diameter at 25 nm. (c) *I*~sat~ modification normalized by the saturation intensity of a free space fluorophore *I*~sat~^0^. For wavelength-dependent calculations, the dipole emitter is placed at 4 nm from the tip, and the results are orientation averaged.](jz0c00155_0002){#fig2}

To experimentally study PCR~max~ and *I*~sat~ we perform single-molecule fluorescence microscopy on single gold nanorods. The heterogeneous size distribution of the colloidally synthesized gold nanorods allows us to study the SPR wavelength dependence in a single measurement. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a we illustrate the detection of single particles and single fluorescent molecules based on an objective-type TIRF configuration. Gold nanorods are first spin-coated on a microscope coverslip, functionalized with a mixture of thiolated single-stranded docking strands and short 10 nt antifouling strands, and mounted in a flow cell. Imager strands fluorescently labeled with ATTO647N with a 9 nt complementary sequence to the docking strands are injected into the flow cell under a continuous flow of 100 μL/min. This results in controlled residence times of the fluorophore near the particle dictated by the affinity (∼1 μM), continuous refreshment of the dye by rebinding, and a well-controlled spacing between particle and fluorophore.

![Single-molecule fluorescence microscopy and single-particle spectroscopy. (a) Schematic illustration of the setup for objective-type total internal reflection fluorescence (o-TIRF) microscopy, with the inset showing the surface functionalization and DNA binding on a single gold nanorod. (b) EMCCD image of immobilized DNA-funtionalized AuNRs immersed in imager solution, with diffraction-limited spots from the one-photon photoluminescence of single AuNRs. (c) Hyperspectral scattering spectrum of a typical single AuNR with a longitudinal SPR wavelength of 640 nm (green) and the ensemble absorption/emission spectra (blue and red) of ATTO 647N in aqueous buffer. (d) The distribution of longitudinal SPR wavelengths measured by single-particle hyperspectral spectroscopy. The inset is a TEM image showinga dried droplet of suspension from which we obtained the size and geometry of the AuNRs.](jz0c00155_0003){#fig3}

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b we show the detected one-photon photoluminescence of single gold nanorods on the EMCCD camera under 637 nm laser excitation. Camera counts were converted to photon counts by measuring in the photon-counting mode of the EMCCD. The scattering spectra of each particle are measured with hyperspectral imaging under white light illumination in the same field of view.^[@ref42]^ A typical scattering spectrum of a particle is shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, from which the SPR wavelength is acquired after Lorentzian fitting. The particles exhibit a distribution of SPR wavelengths due to size nonuniformity inherited from colloidal synthesis which we exploit here to study plasmon-enhanced fluorescence as a function of spectral overlap between the fluorophore and the plasmon. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d we show the distribution of longitudinal SPRs for ∼300 single nanorods in a single field of view.

Upon filling the flow cell with imager solution, we observe fluorescent bursts appearing as point spread functions (PSFs) superposed on the constant one-photon photoluminscence of single gold nanorods. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a we show the detected PCR from frame-by-frame summation of 9-by-9 pixels centered around a single gold nanorod, excited by a 637 nm s-polarized CW laser with a power density in the focal plane of 2 × 10^7^ W m^--2^. The large variation in the fluorescence intensities from these bursts can be attributed to the random binding location of each imager. Because it is expected that the maximally enhanced bursts originate from binding events close to the tip of the nanorods, we average the PCR of the 10 strongest fluorescence events and correlate them with the SPR wavelength of the same particle as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. We find that the optimum PCR enhancement occurs near the emission peak of the dye. This indicates that the PCR enhancement is dominated by the modification of the emission process rather than the excitation process. Note that individual particles exhibit a different PCR even for the same plasmon wavelength. This is a result of the random orientation of the particles in the s-polarized excitation field formed by total internal reflection.

![Fluorescence time traces and correlation with SPR wavelengths of single AuNRs. (a) Fluorescence time trace showing single imager strands binding to single AuNRs. This AuNR's SPR wavelength is determined to be 661 nm. (b) SPR wavelengths of ∼130 single AuNRs correlated with the mean photon count rates of the 10 brightest events. The error bars indicate the standard deviation of the count rates. (c) Dark and bright time distributions of imager binding. (d) Mean bright times as a function of power density. The error bars indicate the standard deviation of mean bright times collected from up to 100 single nanorods. The inset illustrates the determination of bright times from on a fluorescence time trace.](jz0c00155_0004){#fig4}

In order to separate the signals of binding events from background, we applied a threshold (∼10× the background noise) to locate the timestamps of signals. The characteristic bright times (*t*~bright~) and dark times (*t*~dark~) of the transient binding events can be extracted from the time trajectory. *t*~bright~ and *t*~dark~ are related to the thermodynamic properties of the single-molecule DNA interaction and can be directly related to the (single-site) association rate and the dissociation rate , with *c*~imager~ being the imager concentration.^[@ref43]^ In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c we show the extracted *t*~bright~ and *t*~dark~ histograms and fit single-exponential distributions for both. We find *t*~bright~ = 0.4 ± 0.1 s and *t*~dark~ = 3 ± 0.3 s, in good agreement with previous reports where 9 bp duplexes were used.^[@ref43],[@ref44]^

Photobleaching of a fluorophore might occur via triplet-mediated mechanisms^[@ref45]^ and via higher-order excited states.^[@ref46]^ We demonstrate experimentally that the effect of photobleaching is negligible in our experiments because of the refreshment of fluorophores by repeated DNA hybridization. The burst duration is thus controlled by the number of complementary nucleotides. This is evidenced by the fact that *t*~bright~ is independent of laser power. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d we show the mean *t*~bright~ as a function of power density, collected from time traces of ∼100 single gold nanorods. We find that *t*~bright~ is 0.4 s independent of power density, which confirms that any nonlinearity in power-dependent PCR is not caused by photobleaching. Fluorescence time traces and histograms of *t*~bright~ distributions measured under different power densities can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf).

Near saturation, the PCR enhancement compared to free-space excitation becomes power-dependent. We therefore determine saturation curves by collecting time trajectories of fluorescence bursts under different excitation power densities ranging from 5.2 × 10^5^ to 2.4 × 10^7^ W m^--2^. The dynamic range of the power density series is limited by the laser spot size and excitation laser power (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf) for more details). All the saturation curves are fitted with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} yielding PCR~max~ and *I*~sat~. In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} we show the saturation curves of free-space fluorophores (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf) for more data regarding the saturation dynamics without an antenna) and plasmon-coupled fluorophores for two gold nanorods with a longitudinal SPR of 670 and 638 nm, resonant with the excitation and emission wavelengths, respectively. We clearly observe a nonlinear dependence of the detected intensity commensurate with fluorescence saturation. As stated above, this nonlinearity is a result of fluorescence saturation instead of photobleaching at increased power density. We find that both PCR~max~ and *I*~sat~ are significantly modified, and both are more enhanced for 670 nm than 638 nm plasmon wavelengths.

![Saturation curves of plasmon-enhanced and nonenhanced single-molecule fluorescence. Inset shows the same saturation curves on a linear scale. The saturation intensity of free imagers is determined to be *I*~sat~^0^ = 6.4 × 10^6^ W m^--2^, and maximum PCR at saturation PCR~max~^0^ = 8.3 × 10^3^ s^--1^. For the particle with a SPR of 670 nm, PCR~max~^670^ = 2.3 × 10^5^ s^--1^ and *I*~sat~^670^ = 3.5 × 10^7^ W m^--2^. For the particle with a SPR of 638 nm, PCR~max~^638^ = 5.9 × 10^4^ s^--1^ and *I*~sat~^638^ = 3.9 × 10^7^ W m^--2^.](jz0c00155_0005){#fig5}

We now investigate the modified PCR~max~ and *I*~sat~ for more particles to reveal the SPR wavelength dependencies. In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} we show the SPR wavelength-dependent PCR~max~ and *I*~sat~, which are obtained from the fits to the saturation curves. We employ here docking strands with different lengths to explore the dependence of the enhancement on the particle--fluorophore spacing. In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b we show the results for measurements in which 30 nt docking strands are used to fully cover the gold nanorods, and imager strands with ATTO647N labeled at the far-end of the complementary sequence, leading to ∼4 nm time-averaged spacing between fluorophore and particle (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf) for the calculation of the time-averaged spacing). Panels c and d of [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} show the results for measurements with 15 nt docking strands and a flipped imager strand with ATTO647N at the near-end of the complementary region, shortening the time-averaged particle--fluorophore spacing to ∼1.5 nm.

![(a and b) Modified PCR~max~ and *I*~sat~ of plasmon-enhanced fluorescence for AuNRs coated with 30 nt docking strands (4 nm spacing) and (c and d) for AuNRs coated with 15 nt docking strands and near-end labeled imager (1.5 nm spacing). Note here that the simulated *I*~sat~^\*^ is normalized to the near-field intensity at the position of the fluorophore to be able to display both the measured and simulated values on the same *y*-axis, i.e., . In all graphs, red dots are experimental data points, and black dots are simulation results with lines as a guide to the eye. *R*^2^ values are used to evaluate the fitting quality, and only curves with *R*^2^ \>0.995 are plotted. See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf) for full simulation details including the decay rates used in the simulations.](jz0c00155_0006){#fig6}

In the above results, we find that the PCR~max~ enhancement matches well with theory, with the calculated appearing as the upper limit in the experiments because these events originate from particles that are aligned with the excitation laser polarization. Particles with a longitudinal plasmon that is resonant with the emission of the dye enhance PCR~max~ by nearly 300 fold, an effect dominated by the enhancement of the radiative rate as described before.

However, the predicted modification of *I*~sat~ does not follow the measured modification. In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,d we show the correlation between the longitudinal SPR and *I*~sat~, here plotted as the excitation laser power density required (in other words, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f divided by the orientation averaged wavelength-dependent near-field intensity at the location of the dye). We hypothesize that this could be due to plasmonic modification of triplet state dynamics. To understand this, it is useful to examine the dependence of *I*~sat~ enhancement in the formIn the simulations we have treated the term appearing in both [eqs [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} and [4](#eq4){ref-type="disp-formula"} as unity, following Ebbesen et al.^[@ref38]^ Considering the fact that the PCR~max~ enhancement (and thus γ~r~/γ~r~^0^) closely follows the prediction, this could indicate that plasmonic modification of triplet dynamics, or specifically the ratio γ~isc~/γ~T~. An *I*~sat~ enhancement up to 40 as we measured may therefore be the result of a ∼10-fold modification of the ratio γ~isc~/γ~T~. Modification of triplet dynamics has been reported, but experimental studies are limited to a select number of cases^[@ref47]−[@ref51]^ that indeed report modest modifications, in line with our observation. A quantitative investigation of triplet modifications requires a temporal resolution that is not accessible in our current camera-based setup but could be further investigated using, for example, fluorescence correlation spectroscopy (FCS).^[@ref46],[@ref51],[@ref52]^

Our experiments indicate that the maximum photon count rate of a dye with an intrinsically high quantum yield can be enhanced by more than 100-fold by plasmon coupling, enabling single-molecule studies with superior signal-to-noise ratio particularly for short integration times. We employed our numerical model to explore how PCR~max~ and *I*~sat~ depend on the size of the particle and photophysical properties of different types of emitters (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf)). These simulations indicate that particles with a width in the range of 20--30 nm exhibit the highest PCR~max~ enhancement. A reduced enhancement of PCR~max~ for smaller particles is due to a reduced radiative efficiency of the plasmon, whereas larger particles suffer from line broadening due to radiation damping.

At a fixed particle size, the intrinsic radiative rate of the emitter then determines PCR~max~. This indicates that certain classes of emitters might be more suitable to further push PCR~max~. Comparing emitters with various intrinsic radiative rates (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf)), we find that PCR~max~ up to 10^7^ s^--1^ is feasible for emitters with γ~r~^0^ = 10^9^ s^--1^, corresponding to organic fluorophores, enzyme cofactors, and fluorescent proteins that typically have nanosecond fluorescence lifetimes.^[@ref15]^ Semiconductor and carbon dots typically exhibit 1--10 ns lifetimes, whereas lanthanides and transition metal--ligand complexes with 100--1000 ns lifetimes are expected to yield \> 100 times lower plasmon-enhanced PCR~max~ compared to organic fluorophores.^[@ref53]^ Organic fluorophores as we used here thus provide the highest PCR~max~, albeit at the expense of photostability compared to other emitters.

In summary, we presented a single-molecule study of plasmon-enhanced fluorescence of a dye with a high intrinsic quantum yield that is pumped close to saturation, where we focused on modification of the saturation dynamics by single metal nanoparticles using reversible single-molecule DNA hybridization. We have addressed the concern of photobleaching by employing low-affinity DNA interactions resulting in controlled residence times of the fluorophore near the particle, continuous refreshment of the dye by rebinding, and a well-controlled spacing between particle and fluorophore. We have measured the PCR as a function of excitation power, from which we derive the PCR~max~ and saturation intensity (*I*~sat~). The PCR was strongly modified because of plasmon coupling with a PCR~max~ that was enhanced by more than 2 orders of magnitude at ∼1.5 nm from the particle surface. The experimental findings were in good agreement with numerical simulations that include saturation. These experiments provide design rules to optimize the absolute photon output of single emitters. We envision that this will open the door to studying microsecond dynamics using real-time single-molecule fluorescence, e.g., DNA hairpin dynamics and transition paths in protein folding.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00155](https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00155?goto=supporting-info).Sample preparation, single-molecule fluorescence microscopy and single-particle spectroscopy, calibration of TIRF excitation power density, free-space fluorescence saturation of single molecules, derivation of single-molecule photon count rate, fluorescence timetraces as a function of power density and SPR wavelength, and numerical simulations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c00155/suppl_file/jz0c00155_si_001.pdf))
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